Ornithine decarboxylase (ODC) is the key enzyme in the synthesis of polyamines, small cationic molecules believed to have a role in many cellular processes such as cell migration, proliferation and differentiation. We show that ODC expression is associated with cell proliferation and commitment in hair follicle development and hair growth. In embryonic epidermis, ODC is expressed in ectodermal cells at sites where follicles develop, and persists in cells at the leading edge of the follicle placode. ODC is abundantly expressed in proliferating bulb cells of anagen follicles, except for a pocket of cells at the base of the bulb. Entry of the follicle into catagen is accompanied by a down-regulation of ODC expression, which is not resumed until a new follicle is initiated. In vibrissae, ODC expression is more complex. ODC is expressed not only in the bulb but also in the hair shaft, presenting a striking biphasic pattern. Additionally, ODC is expressed in a group of outer root sheath cells in the vicinity of the follicle bulge, the putative site of hair follicle stem cells. q
Ornithine decarboxylase (ODC), the rate-limiting enzyme in the synthesis of polyamines, has been shown to be important in the development of many tissues, including brain (Muller et al., 1993; Ichikawa et al., 1997) , teeth (Gritli-Linde and Linde, 1994) , testis (Weiner and Dias, 1992) and pancreas (Lee, 1995) . Its importance in hair growth has been known since Takigawa et al. (1983) reported that, in mice, a major effect of systemic inhibition of ODC by the irreversible inhibitor a -di¯uoromethylor-nithine (DFMO) is a marked decrease in hair growth. Other studies have expanded on this theme, showing that oral administration of DFMO produced alopecia and dermatitis in dogs and rats (Crowell et al., 1994) and that intravenous administration decreased wool growth in sheep (Hynd and Nancarrow, 1996) . Recently, overexpression of ODC in the hair follicle outer root sheath (ORS) of transgenic mice was shown to result in hair loss, excessive wrinkling of the skin and tumour formation (Megosh et al., 1995; Soler et al., 1996; O'Brien et al., 1997) . These studies indicate the hair follicle is sensitive to changes in ODC levels. Detailed analysis of ODC expression in the follicle is lacking, however, with information restricted to sketchy RNA and immunolocalization data that shows intermittent ODC expression in the ORS of adult follicles (Kono et al., 1991; Sundberg et al., 1994) . To help understand the importance of ODC for follicle function, we have now identi®ed the temporal and spatial expression of the ODC gene during embryonic follicle development and the hair cycle in the mouse.
The ®rst sign of hair follicle initiation is a localized thickening of the embryonic ectoderm in which discrete regions of ODC expression are apparent (Fig. 1A,B) . At these sites, ODC expression is detectable in several ectodermal cells. As the follicle placode develops, ODC expression is maintained in the cells at the base of the growing follicle, which are adjacent to the presumptive dermal papilla cells and in a location destined to form the follicle bulb (Fig. 1C±H ). In the anagen phase of the hair cycle, ODC is abundantly expressed in the lower part of the follicle bulb (Fig. 1I,J) . No expression is detectable in catagen or telogen (Fig. 1K±  N) . On entry into the next anagen phase, ODC is expressed in the cells of the new follicular downgrowth, adjacent to the club end of the previous hair ( Fig. 1O,P growth in anagen II which express ODC ( Fig. 2A,B) are proliferative, as evidenced by abundant expression of histone H3 (Fig. 2C,D; arrowhead) . In addition to ODC and histone H3, these cells also express K14 (Fig. 2E,F ; arrowhead), a marker of basal keratinocytes (Coulombe et al., 1989) .
In vibrissae, as for pelage follicles, ODC is expressed in the bulb (Fig. 2G,H) . Unlike pelage follicles, however, ODC is also abundantly expressed in the keratinocytes of the vibrissal hair shaft. Strikingly, this expression is not continuous with that in the follicle bulb, such that ODC displays a biphasic pattern of expression in vibrissa follicles. Another region of ODC expression is apparent in the upper region of vibrissal follicles which coincides with a slight swelling of the ORS ( Fig. 2G±J ; arrowheads) in the vicinity of the follicle bulge (Cotsarelis et al., 1990) . In cross-sections, ODC expression can be seen in a crescent-shaped pattern in the upper follicle, localized to the outermost, basal ORS cells (Fig. 2I,J) .
ODC is abundantly expressed in the follicle bulb, but curiously, a group of cells at the base of the bulb are ODC-negative (Fig. 1I,J and Fig. 2G ,H,K,L). Comparative analysis between ODC and histone H3 reveals extensive overlap of the two expression domains, but also indicates that the ODC-negative cells at the base of the bulb are part of the proliferating cell population (Fig. 2K,L) .
ODC expression in the hair follicle is thus dynamic and intimately associated with the processes of cell proliferation and commitment that occur during follicle initiation and hair growth.
Materials and methods
The in situ hybridization procedure, utilising a [ 33 P]rUTP-labelled cRNA probes, was essentially as described by Powell and Rogers (1990) . The ODC probe was a 710 bp Pst 1 fragment excised from the mouse cDNA (Gupta and Cof®no, 1985) . The histone H3 probe was a 1.5 kb EcoRI/Sal1 cDNA fragment encoding rat histone H3 (Chou et al., 1990 ) and the K14 probe was a 450 bp cDNA fragment from the 3 H non-coding region of mouse K14 (Correlle et al., 1992) .
